We discuss laser cooling methods of (anti)hydrogen and experimental achievements in this area of physics. The spectral transition 1S → 2P inH(H) atom is the most suitable for laser cooling due to a small lifetime of 2P state and insignificant ionization losses. However the pulsed and continuous laser sources at Lyman-α wavelength do not possess enough power for fast and efficient cooling. The absence of powefull sources at λ = 121.6 nm is a technical problem associated with a complexity of generation scheme of such radiation. Large recoil energy of (anti)hydrogen also presents a problem and prevents cooling to ultracold temperature range. In this paper we also discuss the applicability of sympathetic cooling for (anti)hydrogen. The exploration of antimatter presents a great interest for CERN and F AIR experiments aimed at check of quantum mechanics laws, fundamental symmetries of nature and gravity and investigations in atomic and nuclear physics.
INTRODUCTION
In 1931 Paul Dirac predicted the existence of positron [1, 2] , which was discovered in cosmic rays by Karl Anderson two years later [3, 4] . In 1955 antiproton was found on the accelerator at the University of California.
In accordance with the CP T theorem any Lorentz invariant local quantum field theory with hermitian hamiltonian must obey the CP T symmetry [5] . It means there is an antiparticle for every particle with the same mass, spin and lifetime, but with the opposite charge and magnetic moment. Violations of this theorem would imply new physical properties of fields and their interactions.
Antiparticles can be combined into atoms and antimolecules. An antihydrogen atomH is the bound state of antiproton and positron, and represents the simplest element of antimatter. In 1995 on CERN antiproton ring LEAR there was the first evidence of the antihydrogen existence. Nine antiatoms were found, and they moved with relativistic energies. To make physical measurements was impossible because the observation time of antiatoms was very small [6] .
In 1996 at Fermilab several dozens of antiatoms were found in the similar experiment [7] . Also it is interesting that antihelium nuclei were detected at IHEP in 1969 [8] .
The construction of the CERN Antiproton Decelerator was begun in 1999 [9] . Currently this machine produces antiprotons with energies ∼ 3.5 MeV. Then antiprotons move to the Malberg-Penning trap, where they are decelerated and cooled down due to the contact with cold electrons. To synthesize antihydrogen atoms antiprotons are combined with positrons accumulated preliminarily in a positron trap [10] [11] [12] . ALP HA collaboration receives and detects the antihydrogen since 2002 at CERN [13] , but first they localized the antiatoms within * Electronic address: luschevskaya@itep.ru † Electronic address: alexander.golubev@itep.ru the magnetic trap only in 2010 during 172 ms [14] . In 2011 confinement time of antihydrogen accounted for approximately 1000 s [15, 16] . In 2012 AT RAP collaboration also found the antihydrogen atoms in the magnetic trap [17] . At current experimental facilities antihydrogen formation occurs due to three-body recombination [18] [19] [20] [21] p + e + + e + →H + e +
and recombination via resonant charge exchange [22, 23] p + P s
where P s * is the Rydberg positronium, bound state of two positrons,H * is the antihydrogen in the excited state. TheoreticallyH can be also produced via pulsed field recombination [24] , radiative recombination
and laser-induced recombunation process [19] p + N hν →H + (N + 1)hν.
CERN collaborations synthesize antihydrogen for various experiments. Theoretical studies show that violations of the CP T symmetry, if they exist, could be manifested in changes of spectral transitions frequencies, Lamb shift and hyperfine structure of antihydrogen in comparison with hydrogen [25] [26] [27] . So the primary goal of CERN collaborations is to make a high precision laser spectroscopy of 1S − 2S transition in antihydrogen and microwave spectroscopy of ground state hyperfine transitions. Antiatoms like any other antimatter can be a tool for testing of quantum electrodynamics laws, Lorentz invariance, interaction dynamics of atoms and antiatoms [28] , interaction of antimatter with gravitational field [29] , measurements of antihydrogen gravitational mass [30] and gravitational levels in the Earth field and under superposition of gravitational and electromagnetic fields [31] .
To accomplish the aforementioned experiments the confinement time has to be large enough and antimatter should be very cold with temperatures T < 1 K. This is possible for antiatoms in the magnetic trap [32] . An antihydrogen atom has nonzero magnetic moment and may exist in various spin states. If antiatom spin is directed along the external magnetic field, then it moves to a region of space with a minimal absolute value of the field. The confinement time of antiatoms is limited also because of the collisions between antiatoms and the residual molecules of hydrogen H 2 and helium He.
At temperatures close to zero antihydrogen atoms undergo Bose-Einstein condensation and present an ideal system to verify the laws of quantum mechanics. Since spin-polarized atomic hydrogen stays in gaseous phase till zero temperature, the interatomic interactions can be measured with a high precision. One can test many-body theories of the condensate and the theory of ultra-cold collisions.
For antiparticle density 2 × 10 14 cm −3 the temperature of Bose-Einstein condensation is equal to 50 µK [33, 34] . Under laboratory conditions antihydrogen hasn't been cooled to such low temperatures. Unlike conventional hydrogen antihydrogen cannot be precooled by collisions with walls of a vacuum chamber, because it would lead to the annihilation.
There are two methods, which make it possible to cool antihydrogen without any contact with an experimental setup: evaporative [33] and laser cooling. A significant drawback of the first method is a decrease of a number of (anti)particles during a cooling process. It have been used for atomic hydrogen for 1S − 2S spectroscopy [35] . The initial density of atoms was (∼ 10 13 cm −3 ) and the final temperature was ∼ 100 µK [35] . The evaporative cooling is difficult to implement for antihydrogen because the samples cannot be made sufficiently dense at current experimental facilities.
The problem of laser cooling of antihydrogen is the absense of powerful lasers at Lyman-α wavelength λ = 121.6 nm. The Lyman-α transition 1 2 S → 2 2 P in the H(H) atom is the best choice for the laser cooling, because 2P state has a shot lifetime and ionization rate is not too large. Production of such irradiation is very complex. Accessible power of laser sources is very small [36, 37] . A relatively large recoil energy of antihydrogen atom at this wavelength also prevents fast cooling. Other problems are related with a restricted optical access to the region of atoms localization and low density of antiparticles.
A large number of theoretical and experimental studies have been devoted to various schemes of laser cooling of neutral atoms. These methods and their modifications could be applied for cooling of antihydrogen.
The first works about influence of the monochromatic radiation on neutral atoms were made by soviet scientists V.S. Letokhov, V.G. Minogin, A.P. Kazantzev etc. In 1968 V.S.Letokhov showed that neutral atoms moving almost paralell to the wavefront can be captured between antinodes and node of a standing light wave [38] .
In 1973 A.P. Kazantzev proved in theory that intense laser resonance radiation can be used for acceleration of atoms. He obtained the expression for the force which acts on the atom in the field of standing light wave [39] .
In 1975 T.Hensh and A.Shavlov realized that monochromatic radiation can not only accelerate but also slow down atoms and proposed a new method for cooling of neutral atoms by laser radiation [40] , based on Doppler effect. After some time V.S. Letokhov and V.G. Minogin showed independently if the spectral transition in atom is close to the frequency of the wave then atom will cool down [41, 42] . Resonant pressure forces were investigated in details by V.G. Minogin and A.P. Kazantzev [43, 44] . Then the theory of Doppler cooling was developed and improved significantly [45] [46] [47] .
Soon afterwards W.Phillips with his colleagues found disagreements between Doppler cooling theory and their experimental results. They got the minimal temperatures much lower than the Doppler limit. The obtained temperatures strongly depended on the polarization of laser beams and magnetic field [48, 49] .
J.Dalibard, C.C.Tannoudji and S.Chu predicted and explained the observed effects theoretically [50] [51] [52] . They showed that at low intensities of laser field in a standing wave the subdoppler cooling might be provided either by spatial gradient of polarization or variable intensity. So the subdoppler cooling was discovered.
For the laser radiation of high intensity the Sisyphus cooling scheme was suggested [53] . A strict correspondence between the theory and experiment hasn't been observed, but at the qualitative level the theory was confirmed by experimental results.
In this paper we briefly talk about methods of laser cooling which can be applied to antihydrogen atoms, the problems of laser cooling of antihydrogen and their possible solutions.
RADIATION PRESSURE AND DOPPLER COOLING
Processes of light reflection or scattering by matter produce radiation pressure forces which may be either resonant [43] or nonresonant. Compton scaterring causes nonresonant forces arising when the frequency of a light wave is far from any resonant frequency of an atom or molecule. When the wave frequency is in resonance with any of atomic spectral transitions, resonant force of light pressure appears, it may be spontaneous or induced [41] .
Spontaneous force occurs due to momentum recoil when the atom absorbs photons from the incident plane light wave. After absorption the excited atom emits a photon but in a random direction and comes back to the ground state. An average contribution to the recoil force from the emission processes is zero owing to its random nature. Induced force of light pressure occurs during the stimulated emission or absorption of photons by atoms along the direction of incident light wave.
In 1970 A. Ashkin studied the deflection of sodium atoms beam by light pressure forces [54] and obtained expressions for scattering [55, 56] and dipole forces acting on the atom in a field of a monochromatic light wave taking into account the saturation [56] .
At first V.S. Letokhov in 1977 [41] and then A. Ashkin showed that scattering force alone is not sufficient to capture the atoms [57] , but they may be accelerated [39, 54, 58] or slowed down [40, 59] .
The expression for the scattering force has the following form: [56] 
where τ N is the natural lifetime of an excited state, λ is the laser wavelength, p(ν) = Bw(ν)/A is the saturation ratio, A = 1/τ N and B = B 12 are the Einstein coefficients of the spontaneous emission and stimulated absorption correspondingly, ν is the frequency of the laser wave, w(ν) is the energy density of the light field. An absorption followed by the stimulated emission of radiation at low intensity almost does not affect the motion of the atom. At high intensities the parameter p ≫ 1.
The product Bw(ν) can be expressed in terms of the intensity I, frequency ν, Lorentz function S(ν) and resonance wavelength λ 0
The Lorentz function S(ν) describes the intensity distribution along the profile of a spectral line and has the following form:
where γ N = 1/(2πτ N ) is the natural linewidth, ν ′ is the frequency with which the atom moving with velocity v meets the incident light, ν 0 corresponds to the resonant frequency of an atomic transition. Due to Doppler effect for the counterpropagating laser wave ν ′ = ν + v/λ, for the collinear wave ν ′ = ν −v/λ, ω = 2πv/λ is the angular frequency.
With (6) and (7) the scattering force (5) takes the form
where Γ = 1/τ N is the linewidth, k = 2π/λ is the wave vector, δ = ω − ω 0 is the detuning of the laser frequency ω from any resonant atom frequency ω 0 . The resulting formula corresponds to the scattering force arising in a single monochromatic plane wave. The upper sign corresponds to a wave propagating in the direction of motion of the atom, the lower one is for the backward wave.
Consider the case of two waves propagating in opposite directions with the same frequency and intensity, the intensity of the waves is much less than the saturation intensity, i.e. the relation I/I 0 ≪ 1 is satisfied. The resulting force is equal to the sum of the scattering forces from each of the waves and for kv ≪ δ and kv ≪ Γ has the following form
When the laser frequency detuning is positive ω −ω 0 = δ > 0, atoms accelerate and heat. For the negative frequency detuning δ < 0 the atoms slow and cool down. The force considered here is equivalent to the viscous friction force F = −αv with the coefficient
An atom at rest equally absorbs the light from both waves. But at nonzero temperature the atom participates in the thermal motion. The atom moving with the velocity v sees backward wave frequency shifted to a higher frequency region by the amount of Doppler shift. At δ < 0 the atom absorbs more photons from the counter-propagating wave than from the collinear one because the interaction cross section is larger for the backward wave. Spontaneous emission of light by the atom occurs in a random direction, and the average recoil force is zero. When the wave vector of a photon is opposite to the atom momentum, the atom losses energy and slows down [60] . This method of atoms deceleration is called Doppler cooling [42, 46, 61] .
The cooling process considered here competes with the phenomenon of random walks, i.e. a diffusion of atoms in optical molasses. First the conception of optical molasses was introduced in [59] because an atom in the laser field behaves itself like a particle in a viscous medium. When the atom emits a photon randomly in an arbitrary direction he receives the recoil momentum ℏk. The average atomic momentum p doesn't vary, but its mean square ( p) 2 changes for the value of ℏ 2 k 2 after each photon emission. This causes to an increase of an average kinetic energy of atoms, i.e. heating. There is a certain temperature limit of Doppler cooling determined by the configuration of laser beams and magnetic fields in a cooled volume.
D.Vineland and V.Itano calculated in [46] the Doppler limit when |kv| ≪ |δ|, |kv| ≪ Γ, I/I 0 ≪ 1 both for the case of free atoms and atoms subjected to external magnetic field. The cooling rate is determined by the decrease rate of the particle kinetic energy
where the coefficient α is defined by (10) . The heating rate
where M is the mass of the atom. The rates of heating and cooling are equal (dE/dt) heat = −(dE/dt) cool , therefore the minimum temperature
where k B is the Boltzman constant. We may reach the minimum temperature keeping the frequency detuning equal to a half of the level width δ = −Γ/2 during cooling and at the limit of low intensity the Doppler limit is equal to
DIPOLE FORCE AND SUBDOPPLER COOLING
In the field of a light wave the atoms are exposed not only to scattering force, but also to dipole force. Its value is proportional to the electric field gradient ∇E
where α is the atomic polarizability. When the intensity of the laser wave is smaller than saturation intensity, the dipole force is small in comparison with the scattering force and it can be neglected. The dipole force may appear as a result of unbalance between two counterpropagating laser waves, at large intensity of the light field or at very small temperatures, when atoms have small thermal velocities. At low temperatures Doppler cooling doesn't work, but the atoms may be cooled due to the dipole force which acts even on the atoms at rest. To explain the main features of the dipole force J.Dalibard and C.Cohen-Tannoudji introduced a concept of dressed states [52] . In an laser wave the energies of dressed states vary in space leading to an appearance of the dipole force. There is a qualitative agreement between the theory and experiment [62] .
For very cold atoms and small doppler shift kv ≪ Γ, J. Dalibard derived an expression for the dipole force in a quasi-classical approximation. According to his results at positive laser frequency detuning δ > 0 the gas of atoms cools down while the dipole force pushes it out of a high field region, where the scattering force is smaller than the dipole one. Negative frequency detuning δ > 0 leads to heating of atoms, the atoms are accelerated and drawn to the high field region. Consider two identical laser waves which propagate in opposite directions. At small intensity the resulting dipole force is just a sum of dipole forces acting from each plane wave [46, 63] . The processes of stimulated emission are not considered here. But at high intensity atoms absorb photons from one wave and emit to the other one more often than at low intensity. In this case Rabbi frequency is larger than the radiational level width ω 1 ≫ Γ, the atoms interact with both counterpropagating and codirectional waves.
In Figures 1 and 2 we see the illustration to this behaviour. The damping coefficients α/(ℏk 2 ) are shown versus the value of detuning. The force analogous to the friction force F = −αv, |kv| ≪ Γ acts on the atoms in optical molasses. In perturbative approach for a standing wave the damping coefficient
where s =
I/I0
1+(2δ/Γ) 2 is the saturation parameter. For two counterpropagating waves with σ + and σ − polarizations the damping coefficient is
The solid lines correspond to one dimentional classical molasses, the dashed-dot lines represent the α/(ℏk 2 ) value in a standing wave, the σ + − σ − wave configuration of the opposite waves is depicted by the dashed lines. At the intensity far from the saturation I = 0.2I 0 all three cases almost do not differ, because dipole forces are small. Red detuning δ < 0 provides cooling and slowing of atoms, blue detuning δ > 0 leads to heating.
At the intensity I = 15I 0 the field of a standing wave results in much faster cooling than classical molasses or the σ + − σ − wave configuration. In a standing wave at high intensity the atom interacts with both of the counterpropagating waves, very strong damping occurs either for blue detuning at δ 0.6Γ or for slightly red detuned laser wave. To get the temperatures below the Doppler limit is possible in a standing wave, but neither with σ + − σ − configuration nor with classical molasses, because the dipole force should be appreciable.
According to the of subdoppler cooling [50] the temperature of atoms depends on detuning in the following way
where C = 1/8, ω 1 is Rabbi frequency, δ = ω L − ω 0 is frequency detuning. This theoretical behaviour agrees with the experiment [64] .
It is known that from the experiments with laser waves of parallel polarizations the coefficient equals C = 0.45 [64] , and for perpendicular laser polarizations C ⊥ = 0.35 [64] obtained for six laser beams. The theory of cooling predicts C ⊥ = 0.13 for two counterpropagating waves [50] . The experiments showed that the minimum achievable temperature is also proportional to the intensity of a laser wave [64] .
In a magnetic trap the rate of laser cooling depends on the magnetic field. This dependence is easily explained by Zeeman shift of atomic levels. To get effective cooling in the magnetic field the Zeeman splitting and shifts of the levels in a magnetic field should be taken into account when we choose an optimal frequency detuning [49] . Neglecting the effects of magnetic field causes to slow cooling and spurious optical pumping into untrapped states. Figure 3 shows subdoppler cooling by polarization gradient method schematically [50] . We consider low intensity standing wave, when Rabbi friguency ω 1 ≪ Γ, where Γ = 1/τ is the width and and τ is the lifetime of an excited state. Two counterpropagating waves of equal amplitude with linear and mutually orthogonal polarizations form a standing wave. The polarization of this wave periodically changes in space from linear to circular and so on.
The energy of electrons on the ground state sublevels g +1/2 and g −1/2 depends on wave polarization or relative alignment of the photon and electron magnetic moments. The atoms are translated from one ground state sublevel to one of sublevels of an excited state during the optical pumping time τ opt . The probability of photon absorbtion is the largest at maximal value of energy. At properly selected time of optical pumping τ opt ∼ λ/(4v) and τ rad ≪ τ opt atoms cool down in the standing wave, because the atom climbs the hills of potential energy more often than goes down losing the energy.
Obviously the minimum temperature in this method is determined by changing potential energy of an atom moving in the standing wave. The maximum change called light shift is
For small recoil energy and light shift much smaller than the energy width of the excited state ℏΓ it is possible to get the temperatures of the microKelvin range [49, 65] . So at decreasing intensity of light wave the temperature of atoms decreases also until it reaches some limit determined by single-photon recoil energy E rec (24)
where M is the atom mass. The limitation arises, because the last spontaneously emitted photon has a finite momentum ℏk . The subdoppler cooling works effectively due to the dipole force in a near-zero velocity range [50] .
For sufficiently large velocities it becomes ineffective, and the Doppler cooling comes into play. The both methods may be used for laser cooling of antihydrogen.
PROBLEMS OF LASER COOLING OF (ANTI)HYDROGEN
Antihydrogen remains in the gaseous state at nearly zero temperatures so the study of the quantum properties is of great interest. Theoretical investigations have shown that Bose-Einstein condensation of antihydrogen occurs at temperatures ∼ 10 −5 K. A part of future experiments with antimatter at CERN and F AIR such as high precision spectroscopy, measurement of gravitational acceleration, gravitational levels of antihydrogen in the presence of magnetic field requires very low temperatures of antiatoms in the milli-and microKelvin range.
Laser cooling is an excellent and simple techniques for cooling of the antiatoms without any contact with surroundings. However laser cooling of antihydrogen atoms to ultracold temperatures is associated with certain difficulties.
The Lyman alpha 1S 1/2 − 2P 3/2 transition is the most suitable for this purpose, but laser sources with the wavelength λ = 121.6 nm do not have enough power for fast and efficient cooling. The lifetime of antihydrogen in a magnetic trap is not long enough yet because of its annihilation with the background gas which exists in the arrangement. The trap serves for the magnetic confinement of antihydrogen i.e. isolates the antimatter from the walls of a vacuum chamber to prevent annihilation. A magnetic trap was also used for hydrogen to escape heating and recombination of atoms with the surface [66] . The design of magnetic trap for antihydrogen is more complicated but it belongs to the same Ioffe kind.
In the magnetic field of the trap the energy levels of an atom experience Zeeman splitting and broadening. The use of Lyman alpha 1S 1/2 − 2P 3/2 transition for cooling has several advantages. Spin flips or Maorana transitions due to light scattering occur less frequently on this transition. Such events lead to a loss of particles from the magnetic trap and are undesirable. The photoionization probability of excited state 2P 3/2 is not large. At saturation regime the cycle absorption-emission is about 5 ns due to a very small lifetime of 2P 3/2 state, which is equal to 1/Γ ≈ 1.6 ns.
The velocity mean change after scattering of a single photon △v = hν/(m H c) ≈ 3.26 m/s, where m H is the mass of an antihydrogen atom. At room temperature 300 K the average velocity of the antiatoms is approximately 2.73 · 10 3 m/s. Therefore cooling requires ∼ 1000 photons. The processes resulting on heating of the antiatoms and change of Doppler shift during cooling have not been taken into account.
There are several processes which compete with laser cooling. These include a relatively large recoil energy of hydrogen atom, spin flips due to the mutual collisions of atoms, processes of dipole relaxation and Maorana transitions which however come into play at high densities ∼ 10 13 − 10 14 cm −3 [67, 68] . All the facts mentioned above also lead to the transitions of atoms to untrapped states and loss of antiatoms from the trap. A nonzero magnetic field in the center of the trap reduces a number of such events. A relatively large recoil energy of hydrogen atom also prevents fast laser cooling.
Let's estimate saturation intensity for 1S 1/2 − 2P 3/2 transition in antihydrogen atom
Its wavelength λ α = 121.6 nm, the laser frequency
15 Hz (c is the speed of light), the bandwidth of laser irradiation is equal to 100 MHz, the natural linewidth of considered transition in the magnetic field B ∼ 0.1 T. We do not consider detuning of laser wave from resonance. For these parameters from (21) we get the value of saturation intensity I 0 ≈ 43.6 W/cm 2 . At present time laser sources of continious Lyman alpha irradiation the maximal possible power is P = 200 nW [37] . For the beam with the crosssectional area S ≃ 1.76 · 10 −2 cm 2 the intensity value is
so we get the value of ratio I/I 0 = 1.4 · 10 −5 , which is not large enough for efficient laser cooling.
We estimate some parameters specific for the Lyman transition 1S 1/2 − 2P 3/2 in an antihydrogen atom. Using the value of the transition width, the values of Boltzman and Plank constants we get from (14) the Doppler limit T dop = 2.4 mK for the antihydrogen atom in the three dimensional optical molasses, for the laser pulses along one spatial direction the Doppler limit is equal to 1.6 mK. The average velocity of the antiatoms at this temperature v = 3k B T /m H ≈ 7.71 m/s. In the experiment due to spatially inhomogeneous shift of Zeeman sublevels the minimal temperature is usually higher. The Zeeman shift of the energy of the excited states
where m J = 0 is the magnetic quantum number, g J is the Lande factor of the excited state, µ B is the Bohr magneton. For effective Doppler cooling the recoil energy E rec should be small in comparison with the level width in energy units ℏΓ
where k = 2π/λ is the wave vector. The inequality holds at k△v ≪ Γ in the semiclassical approximation implying △r ≪ λ where △r is an atom size. Taking into account the Heisenberg ratio it's easy to verify that the expression (24) holds. We substitute the numerical values for the Lyman alpha transition in (24) [69] . Obviously the use of different spectral transitions don't help to overcome the problem.
Nevertheless to cool antihydrogen atoms below the recoil energy is possible theoretically due to coherent population trapping, which has already been demonstrated for helium atoms [70, 71] . However it needs high laser power close to saturation and very narrow laser linewidth [70] .
GENERATION OF CONTINUOUS LYMAN-ALPHA IRRADIATION
To produce the coherent Lyman alpha irradition with λ = 121.56 nm is very difficult because the nonlinear crystals or tunable lasers are absent for this wavelength. The well known BBO crystal (barium borate) is the nearest to this optical region, however this crystal is transparent for wavelengths > 190 nm. In 1977 the four-wave resonant mixing in a gas was proposed for the Lyman alpha irradiation. The first Lyman alpha sources were pulsed and employed Krypton gas [72] [73] [74] [75] [76] [77] [78] . Usual Lyman alpha sources have very small power because its generation by four-wave mixing is technologically difficult process. The maximum reflectivity of mirrors is equal to 85 %, the transmission coefficient of lenses is ∼ 50 %. So the arrangements producing this light should contain the minimal numbers of lenses and optical elements and spreads in vacuum or He to avoid losses.
In 1999 K.S. Eikema proposed two schemes using the spectral transitions in mercury vapour for obtaining the cw Lyman alpha emission [80] .
The first scheme is shown in Figure 4 and based on resonant transitions between atom levels 6 1 S, 7 1 S and 12 1 P . They achieved maximum power 3 nW of Lyman alpha emission at 121.9 nm using three fundamental beams.
In the second scheme 6 1 D and 6 3 D levels were used instead of 7 1 S level. It turns out that the efficiency of the second method was twice lower than the first one. Later the power of this Lyman alpha source was improved till 20 nW and spectroscopy measurements were performed on 1S − 2P transition in hydrogen [81] .
FIG. 4:
1 S state to 12 1 P followed by the spontaneous emission of Lyman-α irradiation.
The power of Lyman-α P α is
where ω 1 , ω 2 , ω 3 and ω 3 are the frequencies of the fundamental and generated beams correspondingly. b is the confocal parameter, △k = k 4 − k 1 − k 2 − k 3 is the phase mismatch, N is the density of atoms of the gas, |χ (3) | is the third-order nonlinear susceptibility. P 1 , P 2 , P 3 are the powers of fundamental beams, P 4 is the power of generated beam, |G(b△k)| 2 is the phase-matching integral, ǫ 0 and c are the fundamenatal physical constants.
The third-order nonlinear susceptibility of mercury factorizes [83] 
where the partial susceptibilities are defined by the following way
The susceptibility shows the enhancement at the small value of detuning δ = ω gm − ω 2 . The phase-matching integral |G(b△k)| 2 takes its maximum value 46.3 at b△k = −4 [82] .
For the Lyman-α irradiation phase-matching can be done by changing the temperature of mercury vapour or by adding another gas for example Kr. Usually the first way is chosen because the second one leads to the broadening of the mercury resonances and decrease of the Lyman-α yield. From 26 it follows that P 4 reaches its maximum value for △k = 0. So one have to choose the optimum value of △k, which depends on the experimental conditions.
The continious irradiation is more preferable for laser cooling than pulsed one. If the laser pulse duration is t p , the pulse repetition rate is 1/t R and t p ≪ τ ≪ t R then cooling efficiency will be in t p /t R times lower than for the case of continuous laser radiation [65] . The cw laser irradiation has smaller linewidth than the pulsed irradiation that reduces the spurious optical pumping to the untrapped states during cooling causing the loss of particles from a magnetic trap. The possible solutions of the problem of optical pumping in antihydrogen atoms were mentioned in [79] . It consists in use of circularly polarized light, a longitudinal magnetic field and a second laser with another frequency to repump the atoms via the transitions 1S 1/2 (m F = −1/2) → P 3/2 → 1S 1/2 (m F = −1/2), where m F is the projection of electron spin to the direction of the magnetic field [79] .
In the following ten years the development of the Lyman sources has been in progress [36, 37, 84, 85] . The experimental setup from [86] is presented in Figure 5 . It has some advantages in comparison with the previous arrangements for the generation of Lyman alpha emission [80, 81, 84] . One of them is a more powefull source of 1091 nm. The resultant emission power could be increased due to increasing the power of each wave in the scheme. The experimental setup used for production of emission of Lyman alpha wavelength [37] . Three fundamental beams from fiber laser, T i : Sa and disc lasers are frequency doubled in nonlinear crystals (LBO and BBO) shaped by special optics (BSO) and focused in the mercury vapour cell, where the production of Lyman alpha irradiation takes place. The separation of 121.56 nm light occurs due to the M gF2 lenses and 122 nm filters. The Picture was taken from [86] The Y b : Y AG disc laser generates emission at 1014 nm. Then the beam passes through a lithium triborate crystal (LBO) producing 507 nm emission and after that through β-barium borate crystal (BBO) to obtain the U V light at 254 nm. The power of the U V light may reach 750 mW if the disc laser has its maximum power 4.9 W. At such high power BBO crystal is subjected to degradation so the work power is limited to 2 W.
The second beam at 408 nm is produced by the following way. T i : Sa laser pumped by N d : Y V O 4 laser gives the 816 nm irradiation with the power 1.6 W. From near-infrared irradiation at 816 after passing the LBO crystal we get 500 mW of blue light at 408 nm . The work output power equals 300 mW.
The third beam at 546 nm is obtained with a fiber laser system with 10 W at 1091 nm and LBO crystal. The maximum power of the third beam can reach 4 W, however to forbid the spontaneous damage of the LBO crystal the fiber laser works at 740 mW, producing the 280 mW of green light.
The beams are shaped by pairs of spherical and cylindrical lenses, overlapped with dichroic mirrors and focused by fused silica lens with focal length of 15 cm into the mercury cell, where the four-wave frequency mixing takes place. The pressure in the mercury cell is supported at 10 −7 mbar to prevent the absorption of U V light. The mercury cell can be heated till 240 o C and the density of atoms is 1.1 × 10 24 m −3 . The Lyman-α yield as a function of mercury temperature is shown in Figure 6 , the phase-matching temperature as a function of 6 1 S − 6 3 P detuning is also depicted for maximum Lyman-α yield [86] . 1 S − 6 3 P detuning. The points correspond to the maximal Lyman-α yield for various values of the detuning. Inset: the Lyman-α yield as a function of cell temperature at the detuning 400 Gz. Points denote experimental line, solid line is the fit [86] .
The cooling outside the focus region is necessary to avoid the condensation of the mercury on the optics. Separating the Lyman alpha emission from the fundamental beams is realized due to the M gF 2 lens. The focal lengths differ for various wavelengths. The tiny mirror behind the cell reflects the fundamental beams to the side, however it cast a shadow to the Lyman-α beam and produce 30% of the losses. Then the light passes through Lyman alpha filters. There is a photomultiplier tube (P M T ) used for the detection of Lyman photons behind the filters. The beam of 254 nm wavelength is tuned close to 6 1 S -6 3 P resonance, the blue laser (408 nm) establishes a two photon resonance between 6 1 P and 7 1 S state. The third beam (545 nm) is in resonance with the transition 7 1 S -12 1 P . The sum-frequency gives Lyman alpha wavelength at the transiton 12 1 P -6 1 S. At the maximal power of the fundamental beams 750 mW, 500 mW and 4 W described system can produce Lyman-α irradiation with the total power equal to 140 nW. The increase of the yield of Lyman alpha emission seems feasible due to increase of the transmission of the lenses and the power of the fundamental beams.
Nevertheless the generation of emission of Lyman alpha wavelength is technologically complicated and the development of such lasers is a difficult task. An alternative way can consist of the use of other spectral transitions in (anti)hydrogen or other cooling methods.
EXPERIMENTS ON COOLING OF (ANTI)HYDROGEN
In 1993 the first and the only experiment on optical cooling of atomic hydrogen was carried out [66] . Hydrogen atoms were precooled by cryogenic technology to the temperatures ∼ 80 mK and loaded into a magnetic trap with the well depth ∼ 0.82 K. The density of spinpolarized atomic hydrogen at the center of the trap was relatively high n 10 11 cm −3 . The magnetic field configuration in the trap was described in [66, [87] [88] [89] and its absolute value was determined by |B(
1/2 , where B ⊥ ≈ αρ is the component of the magnetic field perpendicular to the trap axis, r is the distance from the symmetry axis, B z = B 0 + βz 2 is the field component along the axis of the trap, z is the coordinate along this axis, α = 2.2 T/cm, β = 0.023 T/cm 2 and B 0 ≃ 0.1 T is the minimum field value in the trap.
J.Warlaven and his collegues utilized the Lyman alpha transition 1S 1/2 − 2P 3/2 for laser cooling. The total power of the laser source was 160 nW. The power in a region of atoms localization was equal to 2.5 nW. Atoms were irradiated by circularly polarized light, its intensity was 100 times smaller than the saturation intensity. The source generated 2 · 10 9 photons per pulse, the duration of the pulse was 10 ns, the repetition rate was 50 Hz. The bandwidth of laser radiation did not exceed 100 MHz.
Doppler cooling makes it possible to cool atoms from 80 mK to 11(2) mK temperature during 15 minutes. Cooling proceeds slowly compared to the interatomic collisions rate which is equal to τ −1 c ∼ 0.1 − 10 s −1 but much faster than the decay rate due to spin flips in the interatomic collisions τ
During cooling the density of atoms increased 16 times, however 99.9994 % of particles leave the trap due to the spin flips. Thereafter the Doppler cooling was performed again at lower density. The minimum temperature was equal to 8 mK, that is slightly above the Doppler limit for the hydrogen atom. Subsequent evaporative cooling makes it possible to get even lower temperatures T = 3(1) mK [33, 66] .
Let's estimate the time of laser cooling in this experiment from common principles of the Doppler cooling theory. The magnetic field in the trap is not uniform, so the density of atoms distributes according to the Boltzman law and its potential energy is the function of temperature and an atom position in the magnetic trap is where n 0 is the density of atoms at the magnetic trap center, µ B is the Bohr magneton, B( r) is the magnetic field in the point (z,ρ). In Figure 12 we show the density distribution of hydrogen atoms at temperature T = 80 mK in the magnetic trap. The total number of particles amounts to ∼ 3 × 10 9 in the trap. For the trap depth 0.5 K the Doppler force is linear, because the Doppler shift kv is much smaller than detuning δ and the natural width of the laser wave Γ = 10 8 Hz. The Doppler shift equals 3(2π) 2 k B T /(M H λ) ≈ 2 × 10 6 Hz, the detuning is −(Γ sp +Γ las )/2 ≈ −6.27×10 8 Hz, where Γ sp = 626 × 10 6 Hz is the spontaneous decay rate of the 2P state, Γ sp = 2π × 10 8 Hz is the value of laser linewidth. Energy of atoms change with the rate
Let's estimate the time of laser cooling from temperature 80 mK till 11 mK approximately. We do not consider energy dependence of an atom on its position in the trap. The energy of one laser pulse is 0.32 J. The diameter of the cooling laser is equal to 2 mm, the radius of the trap is 6 mm, the trap extension in the longitudinal direction is 12 cm. We found cooling time equal to ≈ 13.8 min for t p I/(t R I 0 ) ≈ 0.0073 while the experimental value amounts 15 min.
For continuous wave laser source of the power 20 nW the cooling time would be equal 100 min so the pulsed lasers are still the best choice for cooling of antihydrogen atoms. At the initial temperature 80 mK only 34.07 % of all the particles are inside the laser beam. As the temperature reduces the hydrogen atoms localise near the center of the trap and at 11 K the laser beams covers 99.98 % of the particles remaining in the trap. The design of the trap permits to utilize only two laser cooling beams along one spatial direction. In this experiment the collisions with walls and interatomic collisions assisted significantly in the achievement of thermal equilibrium and the energy transmission to the perpendicular directions.
Laser cooling of antihydrogen is actively discussed currently in connection with experiments at CERN . Cool antiatoms make it possible to perform the spectroscopy and gravitational experiments at very high precision. Nonetheless the implementation of laser cooling of atomic antihydrogen is very difficult for the reasons mentioned in the previous section.
ALP HA and AT RAP collaborations use octupole magnetic traps with the depth ∼ 0.5 K. Current design of the magnetic traps allows to cool antiatoms along the only spatial direction. Cooling in the longitudinal direction leads to heating in the perpendicular ones. The density of various forms of antimatter which has been achieved at CERN is not high. Low density of antiatoms in the magnetic trap exclude the energy transfer between various freedom degrees. There is no simple mechanism which would help in establishing thermal equilibrium because the antiatoms should be isolated from the trap walls as from any other antimatter.
The possible solution of this problem was proposed by P.Donnan et.al. [90] . To improve a connection between various degrees of freedom they suggested the use of the nonharmonic magnetic fields in the trap [90] .
Monte Carlo simulations showed that the method gives the temperatures equal to ∼ 20 mK (depending on frequency detuning). It was suggested to use a pulse laser source with the power of 0.1 mJ, pulse duration 10 ns, repetition rate 10 Hz and the diameter 10 mm. The laser irradiation is linearly polarized, has the wavelength λ = 121.6 nm and the bandwidth 100 MHz.
ANOTHER LASER COOLING SCHEMES FORH
Theoretically it is possible to utilize other spectral transitions for laser cooling of antihydrogen atoms. However experimental attempts to do this were not undertaken. In [69] the authors discuss cw Doppler cooling of hydrogen atoms at two photon 1S − 2S transition. The state 2S itself is not useful for laser cooling, because its lifetime is large 1/8 s enough, but the idea was to couple the 2S to the 2P state by a microwave radiation and the resulting state would have a much shorter lifetime. The numerical simulations show that this method allows to get the temperatures, which correspond to the recoil energy of antihydrogen for the 1S → 2S transition, the Lamb shift between 2S and 2P is small and has not been taken into acoount. For the intensity I ∼ 10 3 W/cm 2 the scheme leads to 18% ionization losses per fluorescence cycle. It was proposed to use the ultrafast pulsed radiation [91] instead of the continuous one at 243 nm. The ultrafast pulsed radiation from the mode-locked laser has several advantages. It is a high spectral resolution and scaterring rate larger by a factor of ∼ 10 4 than its value for the cw case. The peak power of such lasers are also higher than the power of continous wave lasers, for example pulsed T i : Sa laser has a power up to 1 W. The restriction for the maximum used power is defined by onephoton ionization from excited state leading to losses of (anti)atoms from the magnetic trap. The scaterring rate defines the efficiency of laser cooling, its high value gives a much faster cooling.
The pulse of the ultrafast laser is a comb of sharp lines, the frequency of the line is ν k = ν 0 + kν rep , where k is the integer number, k 0 is the optical carrier frequency, ν rep is the repetition rate. The velocity-selective scaterring takes place if one of the comb lines is resonant with the atomic transition as it is shown in Figure 8 [91] . If the Doppler width of the line is Γ D and ν rep ≫ Γ D then scattering rates on the other spectrum lines are reduced in (Γ/ν rep ) 2 times and the near-resonant line of the comb gives the dominant contribution. As a result the continuos wave laser cooling is less effective than two-photon cooling, because only one line of the comb in resonance with the atomic transition. During the two-photon process all the comb lines give significant contribution to the scattering because the transition pathways of the photons add coherently.
FIG. 9:
Excitation scheme for laser cooling of magnetically trapped (anti)hydrogen. The two-photon pulsed laser irradiation at 243 nm excites the atoms from the ground 1S 1/2 |1, 1 state to the 2S 1/2 |1, 1 state. Microwave irradiation at 10 GHz quenches 2S 1/2 |1, 1 state to the 2P 3/2 |2, 2 state. Atoms irradiate spontaneously Lyman-α light and come back to the ground state 1S 1/2 , F is the magnetic quantum number, mF is its projection [91] .
The possible excitation scheme for the laser cooling of (anti)hydrogen in the magnetic trap is depicted in Figure  9 [91] . The light from the pulsed laser source is tuned to the 1S − 2S spectral transition for antihydrogen atom. The meastable 2S 1/2 with m F = 1/2 state quenches to the 2P 3/2 state with m F = 3/2 by microwave irradiation with frequency f micr and circular polarization σ + . The splittings of the (anti)hydrogen sublevels are very sensitive to the value of the trap magnetic field, so the frequency of the microwave irradiation have to be chosen appropriately. For zero magnetic field it would be equal to 10 GHz, at 1 T the frequency ∼ 20 GHz. So the light excites the atoms from the ground state 1S 1/2 with m F = 1/2 to some stretched state which is a superposition of 2S 1/2 and 2P 3/2 states and can survive in the magnetic trap. Then atoms irradiate Lyman alpha photon and come back to the ground state.
For efficient two-photon process on 1S − 2S transition we need powerful laser source, the upper limit for the intensity of the pulsed laser source comes from the onephoton ionization rate from the excited state by 243 nm irradiation. Nevertheless we think that this scheme may be a good alternative to Lyman-α laser cooling of antihydrogen to milliKelvin temperature range. Numerical simulations showed that for the power 1.6 W of the quenching irradiation and 60 kW/cm −2 the ionization losses consist 5%, i.e. they are less than for cw case. Radiation cooling by π pulses was suggested on the hydrogen Lyman alpha transition in [92] . The train of coherent pulses in the opposite directions irradiate the cooling volume. The pulse train is short in comparison with the radiatiative lifetime of the transition. The photon from the wave moving from the left is absorbed, exciting the atom to the upper 2P level, followed by the spontaneous emission to the ground state 1S, see Figure  11 . To retard the motion this pulse should be detuned above the resonance. Then the pulse from the wave moving from the right is absorbed, the wave frequency is shifted below the 1S − 2P transition. During the cooling a spontaneous emission does not occur. To escape the phase disparity the specific zero-field period is necessary between π pulses. The numerical analisys of rate equations showed that the rate of this cooling method is larger than for Doppler cooling, but it can be reached at the expense of considerably higher average power density. Another scheme for laser cooling of H with π pulses was suggested in [93] . The scheme utilizes the pulsed radiation at a wavelength longer than the Lyman alpha radiation. Powerful laser generates π pulses at the wavelength 205 nm and establishes the two-photon resonance with the transition 1S − 3D. Then the excited atom come back to the ground state emitting the photons at 656 nm and 121.56 nm wavelengths. Simulations showed that the final temperature achieved with a monochromatic light consisting of pulses with the duration 10 ns and the power 100 kW is close to the recoil temperature for Lyman alpha transition of hydrogen ∼ 0.55 mK. The limiting factors in this scheme are the very low diffusion coefficient on the 3D − 2P transition and the recoil limit on the 2P − 1S transition. Because of the spurious ringing effects this method might be applied only as a final step to H atoms precooled via another method.
However all these methods suffer from ionization losses which should be mitigated when we deal with small amounts of antiatons in a magnetic trap. The first attempt to do this has been made in [94] . The scheme supposes the use of nanosecond-pulsed laser at 243 nm for 1S − 2S two photon transition and continuous wave laser at 656 nm for 2S − 3P transition in antihydrogen. The atoms are excited selectively depending on their velocity, which is defined by spatial atom position in an optical lattice created by cw laser waves. The scheme presents a combination of pulsed Doppler and Sisyphus cooling schemes. The minimal temperature is 1.8 mK. Spin-flip transitions from the 3P excited state are suppressed in a high magnetic field.
BOOFER COOLING OF (ANTI)HYDROGEN
The large recoil energy of the (anti)hydrogen prevents use of Doppler and subdoppler laser cooling technique to get BEC temperatures. The properties of condensate such as stability, size and excitation modes, are extremely interesting.
So the new approach of hydrogen cooling, boofer or enhanced cooling, was proposed in [95, 96] . A small amount of alkali-metal atoms can be mixed with hydrogen atoms in a magnetic trap. Through laser cooling of a boofer gas which can be presented 23 N a, 39 K, 87 Rb, 133 Cs atoms or 7 Li isotopes, the temperatures much lower than the recoil temperature of hydrogen can be achieved quickly. At such temperatures the scaterring takes place in s-wave. Fermions 6 Li are less effective for boofer cooling because the s-wave scaterring is forbidden for them.
Elastic interactions can lead to energy exchange between boofer gas and hydrogen atoms. The interaction can occur both in the singlet and triplet channels. When the spins of colliding atoms are parallel the atoms interact in the triplet channel, this takes place in the slowly changing external magnetic field. Generally for not polarized spins the collisions occur in the singlet state and result to the spin flips and losses of atoms from the magnetic trap, so the trap should have a very smooth magnetic field configuration.
The fast cooling occurs due to the large cross section of elastic interaction between hydrogen and alkali-atom. For energies less than 10 −8 hartree the cross section σ = 8πa 2 H−H for hydrogen-hydrogen and σ = 4πa 2 A−H for alkali-atom-hydrogen collisions, where a H−H and a A−H are the corresponding scaterring lengths. The triplet cross section for hydrogen atoms σ(H − H) = 1.2 bohr at energies less than 10 −8 hartree, for lithium 7 Li and hydrogen σ( 7 Li − H) = 65 bohr [96] . Triplet cross section for 7 Li − H case is approximately 1467 larger than for hydrogen atoms. The ultracold cross section for the Rb − H purely spin-polarized pairs is 860 times larger than for H − H interaction. The cross section between N a and H atoms is 640 times larger than for the pair of hydrogen atoms. The interaction potential and corresponding scaterring lengths in singlet and triplet channels between various atoms and hydrogen are known and were calculated in [96] by various methods.
The efficiency of boofer cooling is defined by thermalization rate [95] , which has the following form
where m H and m A are the masses of antihydrogen atom and alkali-atom correspondingly. Lithium isotope 7 Li gives the largest value of thermalization rate which is equal to 207. Sodium atoms 23 N a have f = 28, K, Rb and Cs have f ∼ 10. Therefore the most light alkali-metal isotope 7 Li is the best candidate for boofer cooling. Doppler and subsequent subdoppler laser cooling methods make it possible to get the temperatures ∼ 100 − 200 µK of lithium atoms [97] .
The large cross section between alkali-metal and hydrogen atoms would lead also to a much more effective evaporative cooling. Evaporative cooling can be applied to obtain the BEC temperatures 50 µK. To separate hydrogen from alkali-metal atoma after cooling one can use the microwave irradiation which produces spin flips of boofer atoms.
Seemingly the technique of buffer gas cooling does not work with antimatter due to annihilation. However there was some theoretical investigation implemented by P.K. Sinha and A.S.Ghosh [98] . They explored the interaction dynamics forH − Li system for temperatures from pK to 32 K and suggested to cool antihydrogen by boofer 7 Li gas.
The sign of the total interaction potential between antihydrogen and lithium depends on the temperature and on the quantum number of antihydrogen atom. For the antihydrogen in the ground state the potential is repulsive but for n > 6 it stays attractive from 0 to 3 K [98] . Therefore the boofer cooling can be also considered as a possible candidate for antihydrogen cooling and a proper experimental check represents interest. The time of cooling can play the critical role in such experiment and should be evaluated at first.
Recently scientists suggested a method to prevent annihilation processes, which extremely difficult to implement in practice. GBAR collaboration plans to syn-thesize the positively charged ions of antihydrogen, mix them with a positive charged beryllium ions, which will be cooled by laser irradiation. The Coulomb interaction will impede annihilation. It is planed to achieve the temperatures ∼ 20 µK. Unfortunately the output of antihydrogen ions is several orders less than antihydrogen atoms.
SYMPATHETIC COOLING OF ANTIHYDROGEN IONS
In connection with difficulties of antihydrogen cooling it might be reasonable to obtain the antimatter in very cold state. GBAR collaboration in their proposal [99, 100] suggests production of antihydrogen due to photo detachment of positron from antihydrogen ionH + by the laser irradiation with wavelength equal to 313 nm. Antihydrogen ions can be obtained through the reaction of association of protons with Rydberg positronium
and subsequent reaction of antihydrogen with the positroniumH
However the yield of the antihydrogen ions in a ground state is very small due to high antiproton velocity. To enlarge the formation ofH + it was proposed to excite the positronium to the 3D level. It increases the production of 1SH by a factor of 3 [101, 102] in comparison with the case when positronium is excited to 2P level.
The antihydrogen ions are captured and decelerated to 10 eV . Then they will be subjected to the sympathetic Doppler cooling by laser cooled Be + ions and subsequent sympathetic sub-Doppler cooling to neV by Resolved side-band and Raman side-band cooling.
The ions of alkali-earth elements could be easily cooled to µK temperatures. Be + ions is the most light alkaliearth metal with Doppler limit equal to 0.5 mK. At this temperature Coulomb repulsion is strong enough in comparison with kinetic energy and beryllium ions are organized in Wigner crystal.
At first stageH + ions will be cooled to mK temperature range by Be + ions subjected to Doppler cooling. After thatH + ions will be transferred to the precision trap for further sympathetic subdoppler cooling to µK temperatures by Doppler side band and Raman side-band cooling in the ground state.
It is very important to evaluate the cooling time ofH + because of possible photo detachment by the laser light. The lifetime ofH + is less than 1s under conditions of the GBAR experiment [103] . The computer simulations [103] has shown that the efficient and fast sympathetic Doppler cooling of energetic antihydrogen ions is possible in the presence of HD + ions. The cooling rate depends on the mass ratio and HD + ions act as a conduit between beryllium and antihydrogen ions. Raman cooling is also possible within the time less than one second [103] . The Figure 12 shows the electronic Be + levels and illustrates the idea of Raman side-band cooling.
FIG. 12: Energy levels of Be
+ including the harmonic oscillator energy at the ground levels in the magnetic trap. The solid arrows indicate the stimulated Raman transition and the dashed arrows the spontaneous Raman transition. Dop1 and Dop2 are the Doppler cooling and repumping beams [103] .
The idea of the Raman side-band cooling consists in decrease of the vibrational number of the ground state atom, when it is in the potential of the magneto-optical trap. Counter-propagating laser π pulses induce the Raman transitions between |F = 2, n and |F = 1, n − 1 states followed by spontaneous Raman transitions from |F = 1, n− 1 to |F = 1, n− 2 . Repeating this procedure one can prepare Be + ions in the fundamental state. Elastic interactions with antihydrogen ions will transfer the kinetic energy fromH + to laser cooled beryllium ions. Negative osmium ions has a bound electric-dipole transition and they can be laser cooled to the sub-mK temperature range. The sympathetic cooling of the antiprotons by osmium ions was suggested in [104] . These cold antiprotons could be used for the synthesis of cold antihydrogen by resonant charge-exchange with Rydberg positronium.
CONCLUSIONS
The problems and methods of laser cooling of antihydrogen have been discussed. The exploration of antihydrogen like any other antimatter is of great importance. It make it possible to verify the underlying laws of nature, such as CP T symmetry, equivalence principle, explore the new aspects of nuclear physics. However for the realization of any physical experiment aimed at the study of an antimatter and its interaction with a matter demands its trapping and cooling to ultralow temperatures.
Antihydrogen can be synthesized and accumulated in a magnetic trap, its lifetime is 1000 s. To achieve a very high precision in experiments is possible only for very cold antihydrogen at temperatures ∼ mK. But laser cooling of antihydrogen is difficult to implement in practice. The large recoil energy imposes a restriction on the minimum temperature which can be achieved by simplest methods of laser cooling. The fast and efficient laser cooling requires powerful laser sources in a deep ultraviolet. The most suitable transition in antihydrogen is 1S − 2P transition, the corresponding cw and pulsed sources with wavelength λ = 121.6 nm already exist, but have a small power not sufficient for the fast cooling. The important but complicated technical task is an increase of the intensity of these lasers.
The alternative way is to use different transitions in the antihydrogen atom for its cooling or new laser cooling schemes. Several attempts in this direction have been made [69, 91, 94] . The powerful laser sources with required wavelengths already exist. However on this way we encounter with other problems like large photoionization loss increasing with a laser power.
Recently proposed boofer cooling of atomic hydrogen seems promising and possibly can be apply to antihydrogen. Usual ultracold hydrogen is also interesting object for the investigation of BEC phase and spectroscopic experiments of high precision.
Sympathetic cooling of antihydrogen ions by the Be + works successfully that was confirmed by numerical simulations. However the yield of antihydrogen ions is extremely small because of high energy of protons used for synthesis. Sympathetic cooling can be also used to precool the antiprotons for further antihydrogen production. This is very difficult and challenging technical task. The great experience of cooling of the neutral atoms exists, the physical mechanisms of laser cooling have been studied. The experimental results are in agreement with known theoretical models. Many atom's species have been laser cooled, the next step is the production of ultracold (anti)hydrogen.
Ultracold atoms have already found their application in physics of microwave and optical frequency standards, the use of neutral atoms in quantum computer simulations is under discussion. We should expect that in addition to fundamental application ultracold antimatter will also useful in physics as a probe or a source of high energy. It seems promising to improve methods of laser cooling of antihydrogen and antimatter. Cooling of antimatter to µK is of great importance for fundamental science.
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